ABSTRACT Network roll-out is a process composed of several actions, which, if not completed correctly, may degrade the final system performance. A common error during the roll-out process is the case in which feeders from baseband units to radio units or feeders from radio units to antennas are interchanged. Consequently, in sectorized sites, the service areas of two or more co-sited cells become swapped, affecting the initial network design. This paper proposes to utilize the location of the user during mobility procedures to enhance the state-of-the-art methods to detect swapped sectors automatically. There are multiple solutions to obtain the location of subscribers in mobile communications networks. However, the most accurate ones are either costly or not possible in current networks. Therefore, this paper addresses the problem of applying time-of-arrival techniques based on multilateration in present-day mobile networks by proposing an alternative using standardized signaling. One of the main benefits of the proposed method is its ease of being implemented in real networks without adding additional costs to the operators. Finally, the results are presented to demonstrate that the proposed method improves the performance of state-of-the-art methods.
I. INTRODUCTION
During the design phase of a cellular network, operators try to find the best balance between performance and cost. In this phase, network elements and their configuration are planned in detail since any change in this configuration will affect the performance of the later deployed network. Therefore, the network roll-out (i.e., installation of equipment) is a critical process where everything must be deployed and configured according to what has been planned.
Roll-out is a complex process that usually involves several operators and teams working together. Despite the efforts that operators make to plan and design the roll-out strategy, the human factor is always present and, therefore, the process is prone to mistakes. To overcome this and many more problems related to network deployment and operation, self-healing algorithms arose as part of Self-Organizing Networks (SON) [1] . These algorithms make use of network live data in order to find problems, classify these and apply corrections to fix them.
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One of the most problematic problems during network roll-out is the existence of swapped sectors, due to the fact that they are not easy to be detected and are likely to go unnoticed. The term swapped sector is used to describe the situation where service areas of two or more sectorized cells in the same Base Station (BS) are not covering the originally planned zone. This happens when radio ports of the baseband unit are not connected to the correct radio ports of the radio unit or when radio ports of the radio unit are not connected to the correct antenna. Fig. 1 shows two examples of swapped sectors cases. The coverage areas for sectors α, β and γ are represented as α , β and γ , respectively. Fig. 1(a) depicts the scenario where two sectors of the same site (sectors β and γ ) are swapped (swapped pair). Fig. 1(b) depicts the scenario where three sectors in the same site are rotated (rotated trio).
During the network design phase, Radio Frequency (RF) fingerprints for the different cells are configured according to the network topology. Therefore, it is likely that different cells in the same BS are planned to cover different sized areas. Because of this, swapped sectors may produce coverage holes problems affecting negatively network accessibility VOLUME 7, 2019 This and dropped calls. In addition, Physical Cell ID (PCI) as well as Root Sequence Index (RSI) are designed according to the network geometry. Therefore, since swapped sectors modify the network geometry, these may lead to Physical Random Access Channel (PRACH) and PCI conflicts, which degrade both accessibility and mobility performance. Furthermore, since cell resources are allocated according to the demand in the area the cell is expected to provide service, swapped sectors may lead to congestion problems. The original and most common method to detect swapped sectors is RF drive/walk testing [2] , [3] , which is not always feasible because it is a very costly procedure in terms of expense and time. Consequently, some methods to automatically detect swapped sectors have been proposed recently. These methods are based on either user measurements [4] or cell measurements [5] , [6] . Although these introduce a competitive advantage, their detection accuracy is still limited. This paper proposes a novel methodology to detect swapped sectors in a cellular network. For this purpose, the existing methods will be improved by utilizing User Equipment (UE) location to identify the actual antenna direction. The main advantage of the proposed method is the usage of standardized functionality available by default in all commercial networks. This paper is organized as follows. Section II describes the main disadvantages of existing methods for detecting swapped sectors. Additionally, different location estimation techniques are reviewed. Section III proposes an enhancement to one of those techniques, Time of Arrival estimator based on bilateration, and how existing methods to detect swapped sectors can be improved with this. Finally, section IV presents results for the proposed methodology. This section is divided into two subsections. Subsection IV-A presents the results obtained after applying the proposed UE location estimator to a urban outdoor environment in a real network. In subsection IV-B, the proposed UE location estimator is used to improve the results of existing swapped sectors detection methods.
II. STATE OF THE ART A. SWAPPED SECTORS DETECTION
The most widespread method to detect swapped sectors is RF drive/walk testing. This method utilizes mobile stations and scanners to characterize cells' RF fingerprint. Thus, based on the obtained RF model, it is possible to define cells' service areas. Therefore, if different sectorized cells belonging to the same BS have their service areas interchanged, these cells are detected as swapped sectors. Nevertheless, the main drawbacks of drive/walk testing are time of execution and associated costs like the use of several hardware devices as well as operational expenses derived from processing logs.
To overcome the drawbacks that drive/walk test has, and with the aim of using self-healing concepts for detecting swapped sectors, new methods have been proposed. In [4] , a methodology to detect swapped sectors based on interference measurements reported by UEs is described. However, due to the variability of the RF channel, this method has a poor performance. Thus, the previous disadvantage was solved in [5] by introducing a new approach which uses mobility statistics to detect swapped sectors.
In addition to the previous ones, two novel methods to detect swapped sectors based on the same principle than [5] but providing better results were presented in [6] . These methods assume that inter-site handover procedures are mainly performed towards cells belonging to sites located close to the direction of the azimuth of the source cell. The rationale behind this hypothesis is that cell's users are expected to be located in the area covered by the main lobe of the radiation pattern of the cell's antenna. Specifically, these methods assume that the location where the handover procedure is performed is the location of the handover target site. Although this assumption does not always hold, it provides fairly good results.
However, due to the arbitrary distribution of site's neighboring sites, there are situations where the existing methods are not capable of detecting swapped sectors. This is due to the fact that these methods approximate the location where the handover takes place by the location of the target cell. However, the direction between the source and the target cell is often far from the azimuth of the source cell. This leads to an inaccurate approximation of the handover location since the actual handover direction is expected to be close to the azimuth of the source cell. Therefore, making use of the actual handover location will enhance existing methods to achieve better results. This is explained in Fig. 2, which   FIGURE 2 . Typical handover scenario.
represents a typical handover scenario. In this figure, the locations of source cell S and target cell T and their respective service areas, S and T , are depicted. Additionally, the actual UE location H where the handover procedure is being performed is represented. a S is the azimuth of the source cell. d ST and a ST represent the distance and angle from source cell to target cell. d SH and a SH represent the distance and angle from source cell to the actual handover location. It is observed that, as expected, the direction towards the actual handover location a SH is closer to the azimuth of the source cell a S than the direction towards the target cell a ST . The existing methods to detect swapped sectors use distance d ST and angle a ST as inputs. However, in this paper, it is proposed to use the actual handover distance d SH and angle a SH to improve the results of the state-of-the-art methods.
Therefore, estimating the actual UE location during the handover procedure will be decisive to improve swapped sectors detection methods in mobile communications networks.
B. POSITIONING TECHNIQUES
Since the E911 mandate was published [7] , many location techniques arose to satisfy the accuracy requirements it demands. These location techniques can be classified in UE-based methods and network-based methods. UE-based methods are those in which the UE is accountable for the calculation of the user location. Among the UE based methods, the most recognized ones are Global Positioning System (GPS), Assisted Global Positioning System (A-GPS) and Enhanced Observed Time Difference (E-OTD). Network-based methods are those in which the network itself is accountable for the estimation of the user position. Among these methods, the most famous are Cell ID, Received Signal Strength (RSS), Angle of Arrival (AoA), Time of Arrival (ToA), Time Difference of Arrival (TDoA), Uplink Time Difference of Arrival (U-TDoA) and Observed Time Difference of Arrival (O-TDoA) [8] , [9] .
Among all the methods mentioned above, a relevant case due to its simplicity and its extended use among operators is ToA. This location method uses the time the signal takes to travel from transmitter to receiver to calculate the distance between both. This distance can be directly calculated since the speed of electromagnetic fields is known in a given medium. Thus, knowing the BS location, the UE will be located in any position of a circumference of radius the calculated distance and center the BS location.
In 3GPP specification TS 36.321 [10], Timing Advance (TA) is described. TA is the procedure used by the network to command the UE to transmit data in advance so they arrive at the BS at their corresponding timeslot [11] . Thus, under Lineof-Sight (LoS) conditions, the network can locate the UE in fixed ranges of distances by using TA values.
Current solutions to locate UEs using TA as ToA method are based on multilateration. Specifically, to find a unique solution to the location problem, more than two reference BSs are needed. As observed in Fig. 3 , by having TA values for three BSs, three circumferences can be intersected in order to calculate the actual UE location. However, as TA values denote ranges of distances in which the UE must be located, then the solution of the multiliteration problem will be the area of intersection of several TA annuli. This is illustrated in Fig. 4 . Thus, the area of intersection of the TA annuli delimits the actual UE location.
Therefore, TA values are valid to describe annuli around the BSs delimiting the area where the UE is located. In this case, the radii of inner and outer circumferences of the TA annulus could be easily calculated by knowing the propagation speed of electromagnetic fields. However, this calculation is only valid when LoS propagation exists between UE and BS. This is, the multipath components received from the signal emitted are insignificant with respect to its direct component. Contrarily, in case of Non-Line-of-Sight (NLoS) propagation, multipath components will be significant. Consequently, when conditions are NLoS, the Time of Arrival (and so the TA) will be described by a component other than the direct component. Then, in this scenario, since the multipath components travel a path larger than the direct one and last longer to arrive at the receiver, the annulus described by TA values will have inner and outer radii greater than the ones corresponding to the actual UE location (i.e., the radii will be greater than the ones that would be described by the direct component of the propagated signal). This is defined as follows:
In addition to the previous factor, there are other sources of errors which might affect the direct conversion of TA values to distance values. Among these sources of errors, one can find clock bias [12] . Therefore, the actual shape of Fig. 4 is the one presented in Fig. 5 . As it may be observed in this new scenario, there is not an area where all the three annuli intersect. To solve this problem, in case of NLoS propagation, there are several solutions like the ones presented in [13] which aim to mitigate or eliminate these errors from UE location estimation. Besides the methods to estimate the distance, the effect of discarding the NLoS cases from the location estimation when there are enough LoS components to estimate it has also been studied [14] .
Despite all the research literature related to ToA multilateration techniques, in reality, there might be practical difficulties to apply them to commercial networks. In order to make use of multilateration techniques based on TA, the UE is required to be transmitting data simultaneously to at least three cells belonging to three different E-UTRAN Node B (eNB). For this, Timing Advance Groups defined in [15] could be used to obtain up to four different TA values [10] . The evolution of Dual Connectivity towards Multi-connectivity [16] in 5G enables location techniques to use multilateration. However, Multi-Connectivity is linked to Ultra Dense Networks [17] , [18] , whose first deployments are expected to be carried out in the next decade.
Therefore, the availability of at least three different TA values is a rare scenario in the close future so, in the majority of scenarios, there will only be one annulus in which the UE could be located into, thus making impossible to use multilateration techniques.
1) UNILATERATION AND ToA
In case the UE location is estimated using ToA unilateration techniques, the estimator is assumed to output a location direction based on a continuous uniform distribution according to the next equation:
This is, the UE could be located with the same probability in any point of a circumference whose radius is defined by the ToA value. As an example, the distance between the actual UE location and the estimated one is represented in Fig. 6 and described by the following equation: (3) where d represents the distance calculated from ToA value. Then, the averaged error using unilateration technique may be calculated as the expected value of the random variableė as follows:
In addition, the minimum and maximum error in UE location estimation are the following:
As previously commented, TA values represent a range of possible distances where the UE may be located. Assuming that the estimator locates the UE in the center of the TA interval, then the averaged error is not affected. However, the new maximum error in UE location is increased. Both averaged and maximum errors for an estimator using unilateration technique based on TA are described in (6) where, TA interval is the size of the TA interval.
2) BILATERATION AND ToA
As long as the UE is in connected mode, the eNB is continuously evaluating the time difference between signal transmission from the UE and its reception by the eNB. Hence, the eNB uses TA algorithm to command the UE to synchronize data transmission. In addition, during the handover procedure, one of the actions that take place is the reevaluation of propagation delay between the new eNB and the UE. This is, TA is used to command the UE to adapt its transmission time to the frame structure of the new cell to which it is being sent. Thanks to the previous, during the handover procedure two different TA entities can be identified simultaneously: one for the source cell and another one for the target cell. Thus, if source and target cells belong to different eNBs, bilateration techniques can be used to estimate the UE location.
For this purpose, the UE location can be estimated by calculating the intersecting point of three spheres (assuming a spherical model of the Earth). In this scenario, the radii of two spheres would be determined by the TA values associated with the source cell and target cell. Finally, the radius of the last sphere would be determined by the radius of the Earth. The intersection of three spheres can be calculated resolving (7) . In this system of equations, subindex 0 is associated with Earth sphere, subindex 1 is associated with the sphere described by the TA value from source cell and subindex 2 is associated with the sphere described by the TA value from target cell. (x i , y i , z i ) represent the Cartesian coordinates for the centers of the three spheres, being i any of the subindexes previously detailed. Finally, r i represents the radii of the spheres.
In [11] , matrix algebra is applied to find the unique solution to the intersection of four spheres in a three-dimensional space. However, as authors mentioned, a system of equations like the one in (7) has two possible solutions. This is, the three spheres intersect in two different points. Therefore, the estimator will need to decide which of the two possible solutions is the actual UE location.
In order to proceed with the calculation of the averaged error in location estimation and with the aiming of comparing it with the one presented in Section II-B.1, the estimator is assumed to randomly select one of the two possible solutions. This is, a half of the times the actual UE location is estimated correctly and the other half of the times the estimator fails. Additionally, according to the nature of TA ranges under study, both the Earth's curvature and the height of the antennas can be considered insignificant. Thus, the problem is simplified to the intersection of two circumferences whose radii are determined by the center value of the TA range as depicted in Fig. 7 . In this figure, the source and target cell in the handover procedure are located in BS 1 and BS 2 , respectively. TA 1 is the center value of the TA range with respect to source cell and TA 2 is the center value of the TA range with respect to the target cell. d is the distance between both BSs andë is the error in UE location when the wrong location is estimated using bilateration technique. Hence,ë is described by (8) and it belongs to real numbers when |TA 1 −TA 2 | ≤ d ≤ TA 1 +TA 2 (i.e., both circumferences intersect). Otherwise, either both circumferences are two far from each other to intersect (i.e., d > TA 1 + TA 2 ) or one is surrounded by the other (i.e., d < |TA 1 − TA 2 |).
The averaged error in location estimation can be calculated according to the following:
From Fig. 7 one can deduce that the maximumë value is determined by the lowest TA value from both BSs. Therefore, when TA 1 < TA 2 thenë max = 2TA 1 and when TA 1 ≥ TA 2 thenë max = 2TA 2 . Since the averaged error is also influenced by this property, it can be used to simplify the definite integral resolution in (9) . Thus, the averaged error can be calculated assuming similar values of TA (i.e., TA = TA 1 ≈ TA 2 ):
At this point, TA 1 and TA 2 values have been assumed to be similar with the purpose of simplifying the definite integral in (9) and obtaining the averaged error as in (10). Nevertheless, this averaged error can be extended to the general case where TA 1 and TA 2 values are not similar. For this, TA in (10) is defined as TA = min(TA 1 , TA 2 ) since, as previously explained, the maximum error is determined by the lowest TA value.
In scenarios where the UE is performing a handover procedure, the averaged error of this estimator based on bilateration can be compared against the averaged error of the estimator based on unilateration. Thus, TA in (6) could be any from TA 1 and TA 2 . For this comparison, the best unilateration case is used, which is TA = min(TA 1 , TA 2 ). Therefore, according to (11) , one can observe that the proposed estimator using bilateration has a lower averaged error than the traditional estimator using unilateration technique.
Finally, the maximum error in the estimation of the UE location is described in (12) , where TA interval is the distance of the TA interval.
Both averaged error in (11) and maximum error in (12) are improved when trilateration technique is used. In this scenario, three TA annuli intersect in a single solution so that the errors of bilateration technique are converted into the following:
...
In the next section, a method to enhance bilateration technique during inter-eNB handovers to reach the error figures of trilateration technique in (13) will be presented. Once this method is defined, it will be used to improve the existing methods to detect swapped sectors.
III. PROPOSED METHOD
In this section, a methodology to enhance state-of-the-art methods to detect swapped sectors utilizing the UE location during handover procedures is proposed. As commented previously, the UE location techniques based on multilateration that make use of standard signaling cannot be applied to close future networks. Thus, to overcome this, a method to improve the error in the estimation of the UE location is proposed in this section. This method can be applied in cases where the UE is performing a handover between cells located in different eNBs. Therefore, the proposed method to estimate the UE location can be finally connected with state-of-the-art methods to detect swapped sectors so that the performance of these is improved.
A. ENHANCED ToA
The error of bilateration technique based on ToA to estimate the UE location can be improved by using further RF related information in order to eliminate the uncertainty in the decision of which intersection solution is the actual UE location.
Several events related to mobility are standardized according to [19] . As described there, the network is able to command the UE to report the RF conditions it is experiencing when certain criteria are met. Then, when the UE detects that the criteria for any of the configured events are met, it sends RF information towards the network through the so-called Measurement Reports (MR), also indicating the event configuration that triggered the report. Finally, based on the information reported by the UE through one or several MR, the network decides whether to trigger a handover procedure or not.
Among the information reported in the content of the MR are the following: the PCI values of the cells measured by the UE, the Reference Signal Received Power (RSRP) and/or the Reference Signal Received Quality (RSRQ) values.
Handovers can be triggered based not only on RF conditions but also on several other causes. As an example, load balancing algorithms can be used to mitigate congestion problems. Thus, load balancing algorithms may trigger handovers for users experiencing good RF conditions which, therefore, have not reported to the network the RF conditions they experience. In the proposed estimator, only handover procedures based on RF conditions will be considered, since these guarantee at least one MR received by the network prior to trigger the handover procedure. Taking advantage of the fact that at least one MR is received, MR information can be used with the aim of enhancing the estimator to properly decide which of the possible intersecting points resulting from (7) it must choose. For this, the location of the cells whose PCIs have been reported in the MR before the handover is used. With this, the geometric center of the locations of the measured cells is calculated and finally, the intersecting point closest to the calculated geometric center is selected as the UE location UE H . This behavior is represented in Fig. 8, where c x (x = 1, 2 , . . .) are the cells reported in the MR preceding the handover and G C is the calculated geometric center.
During the handover procedure, TA values from both source and target cell are found simultaneously. However, since MR messages are received before the TA value for target cell is known, the proposed method, which uses MR information to calculate the geometric center, is affected by the speed of the UE. Therefore, the path traveled by the UE between its location at the time the MR message is sent and its location at the time TA value from target cell is known could affect the decision of the intersecting point. In Fig. 8 , the geometric center G C is calculated using the MR message sent when the UE is located in UE MR and the TA value for target cell is known when the UE is located in UE H . In addition, in this figure, p represents the shortest path that the UE should travel between the MR message is sent and the first TA value for target cell is established so that the wrong intersecting point is selected. Thus, the minimum speed v min that the UE must have so that the wrong intersecting point is selected is the following:
where d min is the minimum distance that the UE must travel so that the wrong intersecting point is selected and t H is the time elapsed since MR message is sent by the UE until TA command from target cell is received by the UE.
As the actual UE location in Fig. 7 is now estimated, this method presents the same error figures as in (13), where trilateration is used. However, as commented in Section II, there are sources of errors ( TA) which may modify the TA value. Therefore, the annulus described by this TA value differs from the actual one where the UE is located. In this context, the error in the estimation of the UE location is calculated as the distance between two locations. The first location is the intersection of the annulus of source cell (radius TA 1 ) and the annulus of target cell (radius TA 2 ) when there is not any source of error in TA. The second location is the intersection of the annulus of source cell (radius TA 1 + TA 1 ) and the annulus of target cell (radius TA 2 + TA 2 ) when TA is affected by sources of error. Consequently, the averaged error in the estimation of the UE location using either trilateration or the proposed method and considering sources of errors in TA (i.e., the averaged value of the previous distance) is presented in (15), where, as done in (10), similar TA values as well as TA values are used to simplify the calculation. Finally, since the proposed method uses standardized signaling, the deployment of special network equipment is not required. Software functionality in eNB elements can be enhanced so that TA values during inter-eNB handovers as well as the MR which triggered them are stored. Thus, the proposed method can be integrated as part of Operational Support System (OSS) features, which would query the data previously stored in the eNBs to estimate UE locations at no cost.
B. SWAPPED SECTORS DETECTION
The UE location estimated during a handover procedure can be used to improve the existing methods based on mobility statistics to detect swapped sectors. Instead of using the direction and distance from source cell location to target cell location in the handover procedure as proposed in [5] and [6] , now the actual direction and distance from source cell to UE location can be used. Since the methods presented in [6] are the best performers, this paper will study the effect of enhancing these with the estimation of the UE location.
1) METHOD I ENHANCEMENT
For every cell in the network, Method I presented in [6] defines a range of directions (known as solid angle) in which cell outgoing handovers are expected to be performed. This solid angle is based on the cell's planned azimuth and the beamwidth of the antenna. Once the solid angle is determined for all cells in a given BS, a cost function is computed based on two parameters: the number of outgoing handovers that fall into the solid angle bounds and the distance at which the handovers are performed. In [6] , the location of the BS to which the handover target cell belongs is used as the UE location in the handover procedure. However, although this assumption provides good results, it is inaccurate and can be improved. Therefore, by using the actual UE location where the handover procedure is performed, the accuracy of Method I will be enhanced. Thus, the cost function described in [6] for Method I is transformed into the following: (16) where x is the source cell in the handover procedure, y is the cell whose solid angle will be used, i is every handover procedure located inside solid angle SA y , d xi is the distance between source cell and UE location for i, f can be any function of distance. x loc , y loc and i loc are the location of sectors x, y and handover i, respectively.
2) METHOD II ENHANCEMENT
A second method to detect swapped sectors is described in [6] . This method is referred as Method II and, as Method I, it uses mobility statistics for the detection of swapped sectors. However, unlike Method I, Method II does not define a cost function to evaluate the existence of swapped sectors but it computes the actual cell azimuth and compares this with the expected one. In order to do this azimuth computation, Method II combines the directions towards which the outgoing handovers are performed. In addition, handover directions are weighted by the distance at which they are performed. As for Method I, in [6] , handover location used for Method II is the location of the BS to which the handover target cell belongs. Therefore, Method II can also be improved by replacing target BS location with the UE location during the handover procedure. Method II is now modified so that in every iteration the two locations where the highest number of handovers have been performed are combined into a single handover location. Thus, the equations for calculating the combined direction, distance and number of handovers in every iteration presented in [6] are converted into the following:
where #HO xi is the number of handovers performed from cell x at handover location i, angle xi is the azimuthal direction from source cell x to handover location i and d xi is the distance between source cell and handover location. The method proposed in this section to improve the existing methods to detect swapped sectors based on mobility statistics is summarized in Algorithm 1.
Algorithm 1 Swapped Sectors Detection Utilizing UE Location
Input : TA value for inter-eNB handover source cell, TA value for inter-eNB handover target cell, MR associated with handover, Topology information Output: Swapped sectors detected 1 Identify event-based inter-eNB handovers 2 foreach handover do 3 Calculate the circumferences around source and target eNBs based on the center value of their corresponding TA ranges 4 
Find intersecting points of both circumferences

5
Calculate the geometric center of the cells associated with the reported PCI values in the MR that triggered the handover procedure 6 Choose the intersecting point closest to the calculated geometric center as the estimation of the UE location 7 Connect the estimated UE location to the inter-eNB handover 8 end 9 Use the estimated UE location in swapped sector detection methods based on mobility statistics
As for enhanced ToA, the proposed method to detect swapped sectors can be integrated as part of OSS features at no cost. For this, firstly, the OSS can use the ToA method proposed in this paper to estimate the UE location. Subsequently, the OSS can use UE location and handover information to execute the proposed enhancement of state-of-the-art methods to detect swapped sectors.
IV. RESULTS AND DISCUSSION
This section is divided into two subsections. The first one analyzes the goodness of the proposed method for estimating the UE location during inter-eNB handover procedures. For this purpose, an experiment in a commercial network has been carried out to present results. The second subsection shows how the utilization of the proposed method to estimate the UE location improves the effectiveness of the existing methods to detect swapped sectors.
A. UE LOCATION ESTIMATION
The effectiveness of the proposed method to estimate the UE location has been tested in a commercial LTE network deployed in the downtown of Paris (France). This network represents one of the worst-case scenarios in terms of location accuracy since most of its subscribers will experience NLoS conditions. Therefore, the results presented below can be considered as a reference for typical urban networks.
The experiment carried out to measure the goodness of the proposed method has the next characteristics. Two engineers (henceforth Engineer A and Engineer B) were equipped with two LTE capable terminals each. Two different models of LTE capable terminals (henceforth Terminal I and Terminal II) were used, having both engineers one device per model. Additionally, a GPS device was used by every engineer to record his actual position. The engineers walked around the streets of Paris tracing different routes during a period of four hours. The four LTE capable terminals that were used in this experiment were in connected mode at all time so that the signaling messages between them and the network could be recorded by the eNBs in the network and later be used by the proposed method to estimate the UE location. Finally, the International Mobile Subscriber Identity (IMSI) values for the four LTE capable terminals were used in order to identify the signaling messages associated with these among all the messages from the subscribers.
The aim of this experiment is to measure the accuracy of the proposed method. For this, the location estimated by the method will be compared against the reference position provided by the GPS device. The GPS error in position calculation will be ignored so that the position provided by the GPS device will be considered as the actual UE location.
Once the experiment was performed and the data were collected, a total of 216 inter-eNB handovers were observed. 146 of them corresponded to engineer A and 70 to engineer B. For all these handovers, TA values associated with the source cell when the handover procedures were triggered as well as TA values associated with the target cell when the handover procedures were completed could be found from signaling messages. Since the proposed method uses TA values in order to calculate the intersecting points of two circumferences, one may find interesting to calculate the error associated with these TA values as it will impact the accuracy of the location estimation. This error TA is calculated as the difference between the distance from GPS position to eNB location and the reported TA distance (calculated using the center value of the TA interval). Thus, when TA > 0, the reported TA distance is higher than the actual distance and when TA < 0, the reported TA distance is lower than the actual distance.
The differences in reported TA values and the actual UE distance are represented in Fig. 9 . In this figure, TA error occurrences are accumulated in bins of 50 meters. Since for this calculation the center of the TA interval has been used as the TA distance, the theoretical bounds for TA values are [−TA interval /2, TA interval /2] (being TA interval = 78.125 meters). This experiment proves that most of the reported TA values in a NLoS network are out of these bounds. Fig. 9 depicts the differences in reported TA values and the actual UE distance for all the 216 inter-eNB handovers performed in this experiment. In Fig. 9(a) , the histogram of the observed TA is represented. This histogram represents the probability density function of TA whose mean and standard deviation values are µ = 46 meters and σ = 118 meters, respectively.
Additionally, in Fig. 9 (b) one can observe that the pattern of TA differs depending on the type of the terminal. Terminal I presents a pattern where TA is always higher than 0. This is the expected behavior in NLoS environments where multipath component is the predominant component. However, Terminal II presents a pattern where TA obtains both positive and negative values. In this case, the negative values of TA indicate that most likely there is a clock bias in Terminal II, since the network is commanding the device to advance its transmission less time than the corresponding (according to its actual distance to the eNB).
As previously described, after identifying the TA annuli in which the UE is located before and after the handover procedure, two differentiated areas where these two annuli intersect can be found. Then, based on measurement reports, the proposed method will decide which of these areas is the actual area where the UE is located. In this experiment, since the center value of the TA interval is used to minimize the error in the final UE estimation, TA annuli are converted into circumferences. Thus, the intersecting areas of annuli are transformed into intersecting points of circumferences. Consequently, the proposed method will decide which of these two candidate points is the actual UE location. In this activity, the success ratio of the intersecting point decision has been measured. For this, the correct decision is defined as the case in which the intersecting point closest to the actual UE location is chosen. In this regard, the proposed estimator succeeded in 205 out of the 216 handover cases, which corresponds to 94.9% success rate. All the cases where the estimator failed are detailed in Table 1 . In this table, dist 1 corresponds to the distance from correct intersecting point to the actual UE location and dist 2 corresponds to the distance from wrong intersecting point to the actual UE location. Finally, in this table the error added to the estimation of the UE location when the wrong intersecting point has been chosen is also represented.
In the 11 cases where the wrong intersecting point was decided, the minimum speed that the UE should have had to negatively affect the decision was calculated using (14) . Among all these cases, 3,730.85 km/h (d min = 65.29 meters, t H = 63 milliseconds) turned out to be the minimum speed the UE should have had. Therefore, since both engineers were walking at the time the handovers were performed, the speed of UE was not significant in the wrong decision of the intersecting point. Consequently, in this experiment, wrong intersecting points were decided due to the topological configuration of the network (i.e., the lack of neighboring cells close to the location of the UE and the existence of neighboring cells close to the wrong intersecting point). Additionally, all cases where the decision was done properly were analyzed. From these, the minimum speed that the UE should have had to negatively affect the decision was 881.24 km/h (d min = 17.38 meters, t H = 71 milliseconds). Since typical t H value is several tens of milliseconds, d min should be lower than one meter so that the speed of the UE could negatively affect the decision. Therefore, from this experiment, one can conclude that the topological configuration of the network has a greater impact than the UE speed over the decision of the intersecting point.
10 out of 11 errors during the intersecting point decision are observed to correspond to Terminal I, whereas 1 out of 11 corresponds to Terminal II. Despite this, there is not any indicator proving that the error in decision is related to the type of the terminal. The minimum, averaged and maximum error added to the estimation of the UE location due to wrong decision of the intersecting point are 9 meters, 38 meters and 69 meters respectively.
Finally, once the UE location has been estimated, the error of this estimation compared to the position reported by the GPS device has been measured. The error in the estimation of the UE location is represented in Fig. 10 . This error is associated with error TA as described in (15). Thus, high values of | TA| from both source and target cells yield to high error values in the estimation of the UE location. Fig. 10(a) depicts the total error in the estimation of the UE location. In this figure, the error is sampled in intervals of 50 meters. In addition, the cumulative density function of this error is also represented. The total averaged error in the estimation of the UE location for this experiment is µ = 186 meters, having a standard deviation σ = 116 meters. The 68 th and 95 th percentile of this error correspond to 208 meters and 420 meters, respectively.
The mean values obtained for TA and | TA| are 482 meters and 140 meters, respectively. Using these values in (15), the result is 174 meters, which matches to the mean value of the error in the estimation of the UE location obtained for the cases where no error in intersecting point decision is made. Fig. 10(b) represents the error in the estimation of the UE location per Engineer and type of Terminal. As in Fig. 10(a) , the error is sampled in intervals of 50 meters. From this figure, one can conclude that Terminal II has more samples with an error in the estimation of the UE location lower than 350 meters than Terminal I. However, Terminal II is also the one presenting the highest error in the estimation of the UE location in the whole experiment. Table 2 summarizes all the statistics from Fig. 10 . As explained previously, these figures correspond to the worst case scenario NLoS, where a high delayed multipath component is significant. However, in NLoS scenarios where multipath component is not significantly delayed as well as in LoS scenarios, all error figures in the estimation of the UE location will improve.
Finally, the proposed method to estimate the UE location has been compared with other network-based location methods. These methods are Cell ID + Azimuth, ToA (based on TA), ToA + Azimuth and RSS. All these methods have been compared for the 216 inter-eNB handovers previously analyzed.
In Cell ID + Azimuth method, the predefined cell range parameter used in preamble generation for PRACH [20] was utilized to limit the distance where the UE can be located. Then, by using the cell range parameter for the source cell of the handover procedure, the circle where the UE was expected to be located was calculated. Then, since all cells in this network were sectorized, the azimuth of the sector was used to limit the direction where the UE was expected to be located. Finally, in order to minimize the overall estimation error, the UE was estimated to be located in the direction of the azimuth of the sector at a distance of a half of the cell range.
In ToA method, the reported TA value of the source cell in the handover procedure was used. Based on this value, the annulus where the UE was expected to be located into was calculated. To minimize the overall error in the estimation, the center value of the TA interval was used as the distance form the UE to the eNB, which transforms the previous TA annulus into a circumference. Finally, a random point of the circumference was generated as the estimated UE location.
As in ToA method, in ToA + Azimuth method the center value of the TA interval was used as the distance from the UE to the eNB. However, in this method the azimuth of the sector was used to limit the direction where the UE was expected to be located. Thus, the UE was estimated to be located in the direction of the azimuth of the sector at a distance determined by the center of the TA interval.
In RSS method, RF information from the measurement report which triggered the handover procedure was used.
From this information, all the cells measured by the UE were identified and included in the MR. The locations of the eNBs to which these cells belonged were used. Based on these locations, a centroid location was calculated, being this location the estimated UE location.
Other methods like AoA, TDoA, O-TDOA or U-TDoA were out of this comparison since the required inputs to implement and use them are not normally available in most commercial networks.
The results of this comparison are depicted in Fig. 11 , evidencing that in this experiment the proposed method is the best performing in terms of accuracy. Although this comparison can be used as a reference for typical urban environments, in rural scenarios the difference in accuracy figures between the proposed method and the rest of the evaluated methods is expected to be higher. In these scenarios, LoS conditions predominate over NLoS conditions. Therefore, the error in TA values and so the error of the proposed method in the estimation of the UE location are minimized. In addition, in rural scenarios, cell ranges as well as TA values are higher than in urban scenarios. This negatively affects the accuracy in the estimation of the UE location of the other methods in this comparison.
B. SWAPPED SECTORS DETECTION
The effectiveness of the proposed enhancement of state-ofthe-art methods to detect swapped sectors has been tested using data from a commercial network. For this purpose, data from the network used in Section IV-A have been used. This network consists of 876 cells distributed into 292 eNBs. An initial campaign based on drive testing was carried out to identify and correct all swapped sectors. This means that now all antennas are properly connected to their corresponding radio units and no swapped sectors exist for the recorded data. Subsequently, under this reference scenario without swapped sectors, not only handover statistics for two engineers and two terminals were collected but also handover statistics Latest mobile networks use Automatic Neighbor Relation (ANR) algorithms, allowing cells to discover neighboring cells automatically [21] . Thus, these algorithms ease swapped cells to reconfigure their neighboring relations. Therefore, since the network used for this study has ANR activated, mobility statistics for a swapped sector can be assumed to be similar to the statistics that the sector with which it has been swapped would have if there were no swap.
The previous concept has been used for the simulation of swapped sectors. Thus, in order to simulate a swapped sectors case, the mobility statistics associated with the swapped cells need to be swapped. This is, a swapped pair (A, B) has been simulated by associating mobility statistics from cell A with cell B and vice versa. In case of a rotated trio (A, B, C), this has been simulated by associating mobility statistics from cell A with cell B, mobility statistics from cell B with cell C and mobility statistics from cell C with cell A.
In order to measure the effectiveness of the proposed method, two different indicators have been used. These indicators are: true positives ratio (i.e., swapped sectors that have been detected divided by the total number of simulated swapped cases) and false positives ratio (i.e., non-swapped sectors detected as swapped divided by the total number of eNBs). False positives ratio has been calculated in a scenario where no swapped sectors have been simulated. Regarding the calculation of true positives, two different scenarios have been analyzed. Since the accuracy of the algorithm does not depend on the number of existing swapped sectors in the network, one swapped case has been simulated per scenario. Thus, the first scenario consists in the simulation of a random swapped pair and the second scenario consists in the simulation of a random swapped trio. Both scenarios have been executed 10,000 times, being the average of true positives rate calculated for each. Finally, with the aim of comparing the method proposed in this paper with the state-of-the-art methods, true positives rate and false positives rate using and not using the estimation of the UE location have been calculated.
In (16) and (17), a function of the distance f (d) is defined to be used for the detection swapped sectors. In this experiment, a linear function of the distance (f (d) = d) has been used in both equations.
The results obtained after performing the simulations are depicted in Fig. 12 . These results are classified according to three categories: type of simulation (swapped pair or swapped trio), method used for detection (Method I or Method II in [6] ) and method used for the estimation of the UE location (the three most accurate methods in Fig. 11 have been studied). For all the previous cases, true and false positives rates have been calculated.
With respect to the type of simulation, true positives rate for swapped pairs provides better results than true positives rate for swapped trios. However, false positives rate for swapped trios is better than false positives rate for swapped pairs. This is the expected behavior since the method for detecting swapped trios has more conditions to fulfill than the method for detecting swapped pairs. Thus, these conditions make more difficult to detect a swapped trio and therefore, fewer cases will be detected, which decreases both indicators figures.
Regarding the method used for detection, Method II presents better results in terms of true positives than Method I. However, with regards to false positives, Method I is the best performing. This behavior has already been analyzed in [6] .
Finally, the effect of using UE location for swapped sectors detection has been studied. From results, one can prove that regardless the method used to estimate the UE location both true positives and false positives rate indicators are improved. Besides, the accuracy of the estimation of the UE location has been proven to affect the accuracy of swapped sectors detection.
The best true positives rate figure (91.8%) corresponds to swapped pairs detection using Method II and the proposed method to estimate the UE location. With respect to false positives rate, the best result (0%) corresponds to swapped trios detection regardless the method used for swapped sector detection or the estimation of the UE location.
From results, one can observe that depending on the needs for detection, different methods may be used. This is, in case that minimizing false positives rate is critical, then Method I is the best performer. However, in case maximizing true positives rate is crucial, then Method II is the best performer. Finally, regardless the needs of detection, the proposed method to estimate the UE location is proven to achieve the best results in all cases.
V. CONCLUSIONS
This paper proposes a method to improve state-of-the-art techniques for the detection of swapped sectors based on mobility statistics. For this purpose, the proposed method utilizes UE location during inter-eNB handover procedures.
According to the characteristics of commercial networks and the accessibility to the required inputs for estimating the UE location, in practice, not all positioning methods described in the literature are available to estimate the UE location. Therefore, as part of the proposed method for detecting swapped sectors, an estimator of the UE location based on ToA techniques has been presented. Specifically, this method utilizes TA values from source and target cell as well as RF measurements reported during an inter-eNB handover procedure.
The method proposed for estimating UE location has been evaluated using data from a commercial LTE network. Firstly, since this method is based on TA values reported by LTE capable devices, the accuracy of converting reported TA values to the actual distance the device is located from the eNB has been evaluated. Secondly, the accuracy of the proposed method has been evaluated. Lastly, this method has been compared with other methods in literature whose required inputs were available in the network under study. From this comparison, the proposed method has resulted to be the one providing the best results.
Finally, the method proposed for detecting swapped sectors based on UE location has been evaluated. Two different indicators (true positives rate and false positives rate) have been defined in order to assess the effectiveness of the detection. The proposed method has been compared with related stateof-the-art methods resulting to achieve the best results. 
